o.'sGia 



JAN 1 5 10.57 

i 



NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 



WARTIME REPORT 



ORIQNALLy ISSUED ^ 

July 1943 as ' 
Advance Restricted Report 3G13 



MEASUREMENTS OF FRICTION COEFFICIENTS IN A PIPE FOR 
SUBSONIC AND SUPERSONIC FLOW OF AIR 



By Joseph H. Keenan and Ernest P. Neumann 
Massachusetts Institute of Technology 



N AC A # 



WASHINGTON 

NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid distribution of 
advance research results to an authorized group requiring them for the war effort. They were pre- 
viously held under a security status but are now unclassified. Some of these reports were not tech- 
nically edited. All have been reproduced without change in order to expedite general distribution. 



I W-44 



3 1176 01354 4805 



NATIOKAL AD7ISQRY COMoITTIiS FOB AEROHA.UTICS 



AOTAHCE RESTRICTED REICQEIT 



l!I3A.8I]SEMEa!T8 OF FRICTION COEFFIdENTS IN A PIPE FOR 
SUBSONIC AND SUFERSGNIC FLOff OF AIR 
By Joseph Ha Eeeiiazi and Ernest P. NeunKUin 



Tests of the floir of air throuf^h brass tubes show that, 
for subsonic flow, the friotlon coeffioient Is the same 
function of Reynolds number as for Incompressible flow but 
that, for supersonlo flow, tlie apparent friction coeffi- 
oient l3 loss than for Inoompressible flovr at the same 
value of the Reynolds number and deoreasos with increase 
in Mach number. The analytical relation between friction 
ooofrioieni:, tube length, and fiach nuniber is shown for flow 
wj.thovt shook and the conditions for flow with and without 
shook are delinuted. The method of analysis is given. 



INTRODJCTIOt. 

The effect of friction on the flovf cf compressible 
fluids in pipes of uniform cross- sectional area was invos- 
tlfated analytically by Grashof (reforence 1) and Zeuner 
(reforeuoe 2), who arrived at a relationship between ve- 
locity and friction coefficient for ideal gasos. Stodola 
(reference 5) showed that the curves of Fanno permit a 
general graphical treatment for any law of friction* 
Fr&'ssel (reference 4) presented the first extensive meas- 
urement? of friction coefficients for air flow througli a 
smooth tube with velocities above and below the velocity 
of sound. FrA'bsel's measured coefficients for comprosslble 
flow vrere in esnellent agreement, at corresponding Reynolds 
numbers, with coefficients measured for incomprossiblo flow. 
Esli (referenoo 5) e^ressed In dimensionless form tho equa- 
tions for flovr of an ideal gas tlirough a channel and used 
these ec^uatlons to deduce friction ooofficionts from meas- 
urements of flow through channels varying in width from 
0.0025 to 0.010 inoh, 
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Previous ejq)erimsnt8 (Frvssel (reference 4) and Keenan 
(reforenoe 6)) irith comprossiblo fluids at subsonio velocities 
indicate that variation in the jCaoh number between zero and 
1 - tliat is, for subsonic vnlooitieB > has no appreciable 
effect on the coefficient cf friction. For the flow of air in 
smooth brass pipes« FrtSssel reports the same relation between 
Reynolds number and friction coefi'lolcnt as was obtsiiued by 
mtiJi''- oxparimenters (notably Stanton and Pancll) for incompres- 
sibie fluids. 

For oomprossiblo fluids at Kach n^jinbora creator than 
1 - that is, at supersonic volooities, FrBssol reports tlie 
same relation between friction coo.Cficient and Reynolds num- 
ber as that obtained at T^ach numbers less than 1 - that is, 
at subsonic velocities. Previous ineasurorients made in the 
laboratory of K.'ochanical Llnginoerinc at the Iirassac]\usc-ttB 
Institute of Tochnology indicated friction uoeff :.clents in 
supersonic flow oonsidarably different from, the coefficients 
rcportbd by Fro'ssel. 

The defir.ition of the friction coefficient and the means 
of computing it arc described in appendix A* This material 
is largely drawn from reference 6, but since it is necessary 
to an understanding of the oamputed results of the present 
tests it is restated briefly here. 



The object of tho present iirr/estigation Is to moaauro 
the coefficiont of friction in a smooth tube with compres- 
sible flow of air and, in particular, with supersonic flow. 



TEST APPARATUS 

The arrangerant of the test apparatus is shown in figure 
la Air is supplied by a two-stage steam-driven air compressor 
running at constant spoed. At tho dischar{,e from tho compres- 
sor is a receiver to smooth out fluctuations in flov/. After 
leaving t^ie reoeivar, the air paBS<3s through a cooling coil, 
w^lere a port:'.on of tho moisture, contained in the air leaving 
the compressor, is oondcnsod and dravni off, Tho satiu-ated air 
leaving tho cooling coil is then passod througli a hoatiug coil 
in order to suporhoat the vreiter va£)or coutainod in tho air and 
thereby to prevent formation of waterrtropc in the approach pipe 
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that prooedea the tost longth. Ths oooliug and heating colls 
wore usod onl^'' for tests 0 and 10, all otiier tests having been 
oompletod befoz*e tho ooils vsre installed. 

Thu air stream is introduoed into the tost pipe through a 
roundod-entronce nozzle of olroular cross section. Details of 
tho nozzles used in different tests aro shown in figiires 2 to 4. 
The test pipe is of standard drawn-brass tubing of 0*4375-inoh 
inside diax.ietcr for supers* nio data and of O.S75-inoh inside 
diameter for mibsonio datu. The pressure measurenientsy from 
ivhioh tiie friotlon ooeffioients are calculated, \iere made at 
0•020-inoh-dialn^ter holoa- drilled in the tube nail at Intervals 
of 2 inches for tho suporscoiic tests (with, additional holes for 
Boino tests) and at intervals of 12 inches « vdth an additional 
tap looatod S Inchos^from tho tube end, for the subsonio tests-. 
Additional pressure taps Tiero later drilled in tho pipe, 180° 
from tlie first roir of taps at 3, 4, 6, 7, 9, and 11 inches from 
the tube entrance to obtain additional prossuro neusuremonts 
for tho supersonic tubo. In order that there shoiild be no burr 
at tlio prossvire tap, the Inside of tho tost pipe vias carefully 
polished with fino omory cloth. Connoctions botwoon tho pres- 
sure taps, xnauifolds, and nanometors aro mido vlth ^Inoh copper 
tubing. 

T?ith the exception of the initial prossuro for the super- 
sonic runs, all pressures trere nioasurod by simple U-tubo ma- 
nonotors. Small pressure difforonces woro moasiurod in oenti- 
netnrs of vatcr and larger pressuro diff orenoes, in centimeters 
of mercury. ^.Vlth the aid of a sliding inarkor on the manometsr 
soalos, pressuro difforonoos oould bo road to 0.01 contimetor. 
For the supersonic data, initial prescurns v/ero mcaswed with a 
calibrated Bourdon gage. 

■ The tem^Torature of the air stream in front of tho nozzle 
oould be msasurod by oitlior a coppor-constantan thermocouple 
or a Tn>.roury-in-glass thornometor. Readings wore usually made 
\xit]i tho thermomotur • 

The dischargo ooefficiont of each nozzle was determined 
by calibrating against a gasometer. Tho rate of flow of air 
in each test was then found from tho state of the air in 
front of the nozzle (and in subsonic tests, the pressuro after) 
and tho discharge coefficient. 
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METHOD OF TESTING 

7ho air compressor ivas started and sufficient time nas 
allowed to clapso to obtain steady-stato conditions boforo 
any roadinvs -vTcre taken. Temperature roadings iT9ro talson at 
dofinito intervals of timo, Prossiiro diffcronoos botvjoen a 
giTen pair of taps vrero measured on cittor a riorcurj' or a 
wator munoi.iotcr, depending upon tho TnaiT;nitude of tho diffor- 
onco to ba moasurcd. In ordor to ORtabliah a continual check 
afiainet possiblo loaloigo from oithor or tho two manifolds 
used, proBsi'ro differences ■vroro reoordod for each pair of 
taps with the higher pressure first in ono manifold and then 
in tho othor. As a check against po.<:sible leakage from tho 
conneotii'ns botwcen thu prossur.? taps and the manifold^ a 
Boap-ond-mtor solution mis applied at each connootion. For 
tho super conic" runs, in v/hioh the prosnuros moasTor-jd irero 
boloTT atmosphorio pressure , the manometer pyatem vnxs tested 
by subjocting it to a prcssuro higher than atmospheric bo- 
fore starting a .test. 



SYI/BOLS 



h, friction coefficient 

L length of tept section (ft) 

D diameter of test section (ft) 

X distazice along test section (ft) 

p pro 8 sure (Ib/sq ft. ab8».). 

Nt- Ibioh number 

TSu RoiTiolds nwiber 

T tomperatwe (op abr;.) 

V ■ moan velocity of fluid stroam (ft/sec) 

a croBS-sootlonal area of tost soctiou (aq ft) 

V specific volume (cu ft/lb) 

g aooeloration given to unit mass by unit force 



F vail frlotlon force (lb) 

T friction force per unit of toII Biirfaoe (Ib/sq ft) 
w mass rate of fi.oir (Ib/aeo) 

0 mass rate of flow per unit area (Ib/aq ft seo) 
h enthalpy (ft-lb/lb) 

k ratio of apeolfio heats 
SubaorlptB; 

1 refers to the initial atabe of the fluid stream 

X SLiid s any arbitrary datum points along tlie test section 
C onatan-Ls used in makiag ca Ion lat ions; 
k ratio of specific heats, 1.400 

Cp specific heat at constant pre^iGurOf C.240 D^u 

°7 lb 



R3SULTS Qi- TESTS 

Subsonic Flovr 

The results for the subsonic tosts are presented in 
tables I to IV, Tlie variation in presLure along the len^.th 
of the test pipe is shown In figure 5* For tests 1 and 2 
the pressure in the exhaust space beh.lnd the end of tlie pipe 
ms belovr the sound prossvu'e - that is, the pressure at the 
state of nazi-iTim entropy; consequent ly, the flow through the 
pipe was the naxicium flow correspondiuc to tl-e initial condi- 
tion of the air strea:n. For tests 2 and 4 the air stre&m was 
throttled behind and in- front of the pipe, respectively, to 
produce pressures at the pipe exit in excess of the sound 
pressure, T^hioh resulted in a flow less than the naxiinum flow 
for the existing initial conditions* 



6 



The friction ooeffioients oorrespondlnj]^ to the intervals 
of pipe len^h between pressure taps are given in tables I to 
T7» In figure 6 tho arithreotie mean of -Qiese values of the 
friction ooeffioient for eaoh test is plotted against the 
arithmetic meaui of the Reynolds number for that test. The 
length interval from 0 to 1 foot nas omittod from the calcu- 
lation of tiie mean because tho velocity profile t.us doubtless 
chanfiin'^ greatly in this Interval. The last 3 inches of length 
vrare also omitted bacausc of tho cffoct on velocity- and pres- 
surs distribution of tho abrupt discharge into the eadmust 
space. 

Tho von Karmfin-uikuradso relation be^t.-cion friction coef- 
ficient and Pioj'nolds numbor for incomprossiblo flow is shovm 
by tlio our/e in figure 6, Tho greatost discrepancy between 
tlio proEcnt results and this carvo ie of the order of 3 per- 
cent, -nhioh is approxLinutely tho d3,\:roc of uncertainty in the 
present moasurcmonbs. 

Figures 7 and 8 shovj tho variation along the length of the 
tube of friction cotjff iciont, ir>can tcmporaturc « and ISaoh number 
for tests 1 and 2. Tho values of friction coofficicnt for in- 
compressible flo^7 corresponding to tho lo^'uolds number at each 
point along the length of the pipe aro shovm by tho dash curve 
of fifure 7, In test 1 the Jlach nuriiber rar./os from 0,32 to 1 
and in tes'j 2 from 0.3 to 0.47. In both testcf, however, the 
a^reo:<ent bot-Aecn the moasurod friction cooff icicn'':c and those 
for inoo]T:procslblo flow io consister.-l^ly good. This a;'ro'3Tr<ont 
confirms the concluQion reached by Koonan and by FrVssel that 
for subfionic velocities tho friction cocffjcioni: is a f^jnction 
of tho Roj/nolds number and is not appreciably ai'footod by 
change in the I.f^ach uunibor. 

Supersonic Flow 

Tho length nT the test pipe for super conio tests is limit- 
ed by the divorgonce ratio of tho nozzle that feeds the pipe. 
For a givon divorg-cnce ratio and a rivon nozEle efficiency, a 
maximum longth of test pipe uxists for which a pressure shock* 



The terms "shook" and "prossuro shock" arc usod in this report 
to denote a tronsvorcio shock unloos otherwise indicated. 



will uot apoear in a pipe. For greater lengths the ahook: moves 
oloser to the no'szle* Slnoe the veloolty of the stream on the 
dpKmstream aide of the ahook la always subaonlo, the maximum 
length --of -Buperaonlo flow Is attained In the longest ploe with- 
out a pressure shook* Conaldoratlons vdiloh govern the length 
of subsonlo and supersonic flow are presented In appendix B* 

Y/lth noBsle B, whloh haa a divergsnoe ratio of 6«7f it 
was possible to use a tube $0 diameters in length without 
having a shook in the tube* Four tests, namely testB ^, 6, 7* 
and 8, were made with thla ooiablnation of nossle and tube. !nie 
variation of abaolute pressure with distanoe along the tube is 
shown in figure 9* ' 

In these four tests the test points show departures from 
a smooth curve whloh docreasa in magnitude with inoreasing dls- 
tanoe from the noszle* Tests $ and 6 wero separated by a time 
interval of 24 hours but wero othdxnfrlso Identioal* Figure 9 
shows thfit test' 6 reproduces test even to the denarturos 
from smoothness, with high fidelity. 

Betweon tusta 6 and 7 the tube and tha nozzlo were removed 
separately from the apparatus and the tubo was repolished with 
fine emery* Between tests 7 Giud 8 the tubo was romovod again 
and two more presauro taps wore addod. Test 6 shows doparturos 
frcM amoothnesa slrailav to tests 5 ^nd 6« T-3st 7 shows marked 
difforonooB from tho others in doparturos from smoothness* Tho 
falrod curves through the teat po±nts of 7 and 8 aro in agreo- 
mont, but both differ appreciably frnm tho smoothed oarvos of 
tests $ and 6* 

It appears probaolo tliat the departures from smoothness 
aro tho result of o^.ilique ahook waves in tho tubo, vdilch are ■ 
sot up jy tho transition between tho nozzlo and the tubo and' 
lAtioh aro roflootcd down the' tubo. The departures aro rapro- 
duoiblo as long as tho rolation bctfraon nozzlo and tubo is 
undisturbed* Between tests 6 and 7 Toat only was this relation 
disturbed but the p-jlishing operation apparantly altered slight- 
ly tho oharaotor of flnw in the tujo* Ucasurononts mado on tho 
tube inlet after polishing showed a slight ohangs in diameter* 

In an attempt to rcduco tho amplitude of the oblique shock 
wayjs, nozzle C was made (fig. 4). Here tho transition from the 
nozzlo cone to the oylindrioal wall was made with a curve of 
lapge radius r Tests 9 and 10 wore made with this noitzlo and 
figure 10 shows tho moaBured pressure variation* It appears 
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little roduotlon in the pressure fluctuations nas realized} 
laoroovcr, owing to an aooldontal inoreace in throat diameter, 
the transverse pressure shook mo7od Into the tube and reduced 
the length of aupersonio flour* 

Further efforts should be made to rcduoe those fluctua- 
tions in pros sure by modifying the nozzle profile and by im- 
proving the Junction between nozzle and tube* It should be 
noted, however, that the amplitude of the fluctuations is of 
the order of 30 contiiaeters of water or l/2 oound per squajro 
inoh, "Which is about I/4 percent of tho pressure drop through 
the nozzle. Complcto olimimtion of such small disturbances 
may prove to bo difficult* 

' In the present state of the data It appears prudent to 
reject that portion of the tost curve "Trtioro the fluctuations 
are severe. The friction ooofficionts calculated from the re- 
naindor of the data -nlll be almost unaffected by oblique shocks i 
howovor, the length of suoersonio flow ia so limitod that accel- 
erations are large and some change in velocity oroflle is prob- 
ably occurring* In vlcir of the uncertainty as regards the effect 
of this change, the friction ooefflcicnta calculated for super- 
sonic flow will be called apparent friction coofficients. 

FigurvJB 11 and 12 show tho.aDoaront friction ooefficiont 
plotted against Haoh nuodber and distance along the tube, re- 
spectively. The various tests aro in agreement within about 
^ percent* The curves for tvssts 5 t^nd 6, vdiloh were run ocforo 
the tube was rcpollshed, lie lower than the others* In tests 
2, 6, 7* 8 moisture -was condensing .in the approach pipe and 
was being carried through the i^zzle in varying concentrations 
in the course of the teste* In teste 9 and 10 the air was dried 
by cooling and reheating it before it roachad the nozzle* The 
data show no change resulting from those precautions* 

In figures 11 and 12 are shoiTU the friction coeffioients " 
for incompressible flow for Reynolds numbers oorrosponding to 
the test conditions. The supersonic values apooar to bd lower 
by as much as 2$ percent. In fijuro 11 it appears thuU, for a 
Mach number of 1, the curves for supersonic flow and incompros- 
siblc flow may moot* Tho friction coefficient for the interval 
between ths last two tans is not included in thcso charts, je- 
oause the final tap was in a short oieco of tubing v4iich was 
butted against the end of the tost pipe* The factors calculated 
for this interval are not in accord vribh tho others. Tho super- 
sonic data arc too meager, however, to justify cny conclusion con- 
ocrning Mach numbers near 1* 
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Figure. 13 ohov/s tho variation along tho length of the tube 
of mean tomporaturs and Uaoh numbor for tests $ and 6. 

Tho oonoluslon roaohod by Frtfssol to tho offcot that tho 
frlotlon Qoeffiolont la tho same at all values of the Maoh 
number for a given valuo of tho Eoynolds numbor has not been 
confirmed. Tho published data of Frossol (refor-jnce 4} wore 
- inadequate to dotormino the validity of his ooncluslonj more- 
over, Fro8sel*a mothod of computing tho frlotlon ooeffioient 
from a derivative of a curve of pressure variation loft a vddo 
range within idiioh his results oould bo inturprctcd* 

&:WCLUSI0N8 

For subsonic flow the frlotlon coefficient Is the same 
function of Reynolds numbi:r as that given by tho von lUtrmdn- 
Bikuradsc equation for IncomDrcssiblo flow and is essentially 
independent of TJach number* This finding is in accord with the 
results obtained by Frosscl emd by K>:onan* 

The apparent friction ooofflciont Ir loss for suporsonlo 
flo\'.' than for incoraprosslblo fl'^ for tho same Roynolds number* 
The difference roaohos magnitudes of tho order of 2$ poroout. 
This finding is not in acoord -jrith tho results obtained by 
Froasel. It appears that for a given R^jynolds number tho coef- 
ficient of frictinn iuoreaaes with doorcase In Uach number. 



Departr.cnt of Mechnnloal En^lncoring, 

Hassactiusotts Instltutj of Tochnology, 
Cambridge, ibss* 
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A?FENDIX A 

METHOD OF MALYSIS 

The analysis that follcnra, excopt for oortain minor changes 
to follow tho notation of thic poipor, has boon token verbatim 
from the appendix of roforenos 6. 



Dynamic Equation for Flow in Pips of 

Constant Cross-Scotional Aroa 

Consider an olomcnt of fluid :Thloh is joundod by two paral- 
lel planes transverse to the direction '^f flow and ci distance 
dx apart. The forces acting on this clement may be olassifiod. 











e-dx-» 


1 






D 




^ dj 





as normal forces corresponding to hydrostatic pressures and 
shearing forces corrcssonding to wall friction. It oan bo 
shown that Nowton's Second Lav/ becomes for steady flow 

-adp - dF ■ (w/g) dV (l) 

TThcro a denotes the oross-scctional are-x of the passage, 
dp the inoreaso in hydrostatic pressure of the fluid across 
distance dx, dF the wall friction force apollod to the stream 
between tho two planes, w the mass rate of flow, g tho ac- 
celeration given to unit masd by unit force, and dV the in- 
oroaso in the moan velocity of the stream across dx« 

The imll-frlction force dF nay be ex'>rassed in terms of 
a friction coefficient vihich is cnmr:nnly defined by tho relation. 
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whoro X denotes tho frlotlofi oooffiolcnt, T tha frlotlon 
foroQ per uoit of ml'* surface , and p a mass density of tho 
fluid whioh is otherwise l/vg. Thou wo may write 

/ 

dP « TnDdx ■ Xv^DdV'ZTg 

whoro D is the pipe diamotor and dx is an cloment of Icng^ 
along tho pipo. 8uhstituti:ig this exprossion for dF in aqua- 
tion (1) dividing througih by av and rearranging, v/c get 

" ■ JP. + JL^ dV [i^ H?. dx » 0 

whero 0 Is w/a« Sinoc G for steady flow is oonstant 
along tho longth of the pipo and equal to V/v, the last 
equation nay bo written in the form 

.^P + ^ + ^Jf.- dx = 0 (if) 

T g T 

This is tho dynamic equation of flov; through a olnc. It may be 
usod to dcbormino tho moan friction uocffioiont bot-TCeu tv/o 
cross sscti'^ns as follows! 

Assume X to bo consbnnt batv/oen sections 1 and 2* Thon 
equation (2) integrates to tho expression 




irtiioh nay be solved for X • In an actual case \ may bo in- 
terpreted as -the moan coefficient of friction* For a numorioal 
s>5lution it is necessary to know not only tho dimensions of the 
pipe arid tho rate of fluid flmj but also tho rolationship be- 
tween pressure and specific voluno along the path of flow* 

Tho Frossure-Volumo Relationship 

Let us consider first the adiabatio case, that is, tho 
caspo in which heat flow to or from the fluid stream is ncclisl" 
bio* Tlicn from the -first law of thormodynamios wo know that for 
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any seotion a along the pipe longbh the sum of the enbhalpy 
and klnetio energy per unit mass of fluid orosslng that section 
Is constant and is equal to the enthalpy at a preceding section 
i, nAiere the crosB-Beotional area is very large and the ki- 
netic energy is negligible! Thus 

h + V °/2g = 

?Aiere denotes the enthalpy at section i and the symbols 

vithout subscript denote quantities oorrespondlng to section a* 
Substituting Gt for V in equation (4) we get 

h+^=h, (0) 
Equation ($) yields a series of relatlonshlos between h and 

Having doteinnlned by measurements the initial state i 
and the mass rate of flow per unit area G of a stream flowing 
through the pipe, we may determine by equation i'y) the h-v 
relationship. 

For a perfect gas 



h ■ — pv ■ Bpv (6) 

k - 1 

where k is the ratio of the spooifio heats and B is a con- 
stant defined by equation (6)* 

Substituting equation (6) into the Fanno-line equation 
(5) wo got 

\ = Bpv (7) 

which, for given valuos of ii^ and G, is a pure prossuro- 
volume relation. Solving equation (7) for p, differentiating, 
and dividing through by v we get for the first term of equa- 
tion (2) 
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Fr lot ion Coeffioieot 

Substituting tha last expression Into equation (3) and In- 
tegrating between seotloxis 1 and 2, we get 

I 1 ) on + -.-±- (. — - -r -j + ■ 0 

g V 2B/ VI 23 Vb"^ TiV ■ SD 

or 

2G*(xa-xi) L 2.k Vti° Tb '^'^ E 2k - 

If moaBurcmoubs aro mado of tho initial state, tho rato of flow 
and the pressures at 1 euid 2, tho values of "v^ azid oan 
be found by solving the quadratic equation (?)• The friction 
ooofflciont may then bo comxiutod from oquatim (8). 

This analysis is oversimplified in that a singlo velocity 
V is assooiatod with a given cross soobion of tho stream and 
this velocity is assumed to bo idontioal with tho mean volodty 
of flow Gv, Tfhero v donotas the mean spooifio volume. It 
is probable thn.t tho friction oooffioiont so derived may bo 
usod to oaloulato wall friction wrhonovor the soction is suf- 
ficiently far frcan the entrenoo to tho tube that variation in 
that distance will not approoiably alter t}ie pattern of flow 
if Vvjlocity, pressure, and other faobors roT.aln unchani^jcd* In 
subsonic flow such conditions arc doubtless attained oxcopt in 
vory short tubes; howovjr, in supersonic flmr thoco conditions 
may not be attained at all because of the ranld cliango in pros- 
sure and velooity along tho tubos of ovon tho greatest posslblo 
lengths. Tho frlotlon ooeffioient so oaloulatcd may bo called 
the apparent friotion oocfflait.nt. 

In tho present state of knowledgo of supcrsonio flow it is 
uncertain how eloscly the croduct of X and iKp V°) approxi- 
mates thA slicar stross T at tho viall of tho pipe*- It appears 
probable, however, that, with som:, oxoeptions, tho apparent 
friction coofflclont will provo adequate for design of passages 
in supersonic flow. The apparent friction oooffioiont is at 
least the analogue of tho friction ooefficleut for incompressiblo 
flow and as such its variation vjlth tho usual paramotors is of 
Intorcsta The apparent Arlotion cooffioiont also permits a direct 
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ocmparlson of the variation of static prossuro along tho path 
of flov/ for iTarlous tests* FrSssclis tests vraro roportod in 
torma of this apparent friction oocfflolont* 

Tho -valuQ of tho visoosity oinployod in oaloulating the 
Reynolds oumbei'* Hp ami tlmt of the volooity of sound in tho 
Uaoh nuBuor 1^ corrcsonnd to tho moan state of the fluid at 
any oross sootlon* This moan stato is dotomined from tho moa- 
sured prossuro and the spcoiflo voliane as found by solving 
equation (7)a The viso'^sity was in turn found from Sutherland's 
formula, namely, viscosity 

(in oentipoisos) = O.OI7O9 f2.l?i.+l20^.. 



AP'iSNDIX B 

AMLXTiGAL REUtIOIIS 
Possiblo Banges of Subsonic and Supersonic Flow 

The relation bctwoon length of flow, pressure oharurc, and 
moan frlotion coefficient for a stable velocity distribution is 
shown in figure 14> The curves fhcwn wore computed from the 
relations derived in appendix A* 

Tl'io region in figuro 14 lying bo low curve C represents con- 
ditions of subsonic flotr throughout tho tube* The region lying 
above curve A represents conditions of suocrsonic flow through- 
out the tube* 



Within each of thcsa reie;ion8 are shown li.ics of constant 
ratio of the pressure at tho oxit of an interval of tube length 
to tho pressure at tho entrance • If tho Uaoh number at entrance, 
th3 tube diameter, and tho tube length between trro znoasured pres- 
sures are known, tho frlotion coefficient ^ may be found from 
figure 14* Convorsoly, for a given value of \ tho pressure 
distri'^ution along ths l3n£,"th of a tube ipcy be found for any 
value of the Mach number at tho entrance* The curves nf constant 
prossuro ratio in tho suporscnlo region are valid only if no 
shook occurs in tho length of tube to i^ich they aro applied. 



1$ 



Corvo A shows tho naxlinum len^h of tube for supers onio 
flow for caoh valuo of tho Vaoih numbor at the entrcuioo« and 
curva C shorn tho corrospondizig length for subsonlo flow. 
Along caoh of those ourves the Uach uumber at the tube exit 
is !• In the tube oorrosponding to ourve A tho liaoh number 
deoroascs 'iu tho dirootion of florr, nhoreas in tho tube oor- 
responding to ourve B tho liiach nuaiber inoroasos* 

Curve A indioates that tho length of suporsonlo flotr in 
a tubo nay bo inoroascd by increasing tho Laoh number at on- 
tranoo, whioh is aooomplishod by inoreasing the divorgonoo 
ratio of the noesle that foeds tho' tubo* Tho steepness of the 
curve at hlghor Maoh numbers chod/s, hovrevor, that in this rogion 
large inoroasos in Mach nuinbor rocult in only small increases in 
the' length of flow. A Maoh nuzaber of infinity at tho ontranco, 
iMiiich roquiros an infinito divorgonoo ratio, gives a finite 
valuo of M/d, namely, 0.206« If it is assumed from inspection 
of figure 11 that tho moan value of X ic of the ordor of 
0»002!>, then tho .maximum oossiblo valuo of i/d is 62.2. Only 
if ^ approaches zero as the Kaoh numbor approaches infinity 
will it bo possible to dbtain infinite or ovon very large lengths 
in supersonic flow. 

Flov/ with Shock 

The rogion to the left of curve A may include a shock in 
the course of flow pro7id3d bhnt the orcssure in tho exhaust 
space is great enough; on tho other hand, the rogion between 
curves A aiid B mist inoludo a shock. Along ourvo B tho ffaoh 
number, which is less than 1 following tho shook, lias attained 
1 at tho exit* Bcbwoen curves A and B the Mach number is lass 
than 1 at tho exit tind greater than 1 at "the ontronoo. An in- 
terval of length oorrespondlng to this interval may bo sub- 
divided into a supersonic interval corresponding to tho rogion 
abovo curve A, a subsonio interval corresponding to tho region 
below ^jurvo C, and an interval within which tho shock oeeurs* 
Tho velocity distribution will not always bo stablo euou^ to 
mako the ourves of constant pressuro ratio applioablo* 

• 

Tho region botiveon ourves B and C is an imaginary rogion 
in which flow with a stablo velocity distribution with or with- 
out a shock cannot exist. 



/ 
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TABLE I 
TEST 1 

[VoiBle Jb; nossle throat dlam., 0.375 In.; tu'be dlam., 
0.375 In.; Inlet temperature, 126 7; Inlet preasure. 
16,179 I'b/sq ft a'ba.; tu'be lengtli, 10 ft; flov per unit 
area, 188.2 Ib/eeo bcl ftj 



X 

(ft) 


p 

(11)/ ft absa) 


(a) 




(D) 


( T abB.) 


7 
(fts) 




"^^i 527.3 
























10 






°1.00 


°5.i'fecio* 


' °l4«g.3 


°10S3.U 




9.75 


5.652 


0.00313 


.82U 


11-.91 


516 


917.0 


9 


7.W« 


00326 


.61(9 




5^ 


730.U 


8 


8.879 


.00322 




>+.75 


553 


625.9 


7 


9,956 


.00323 


.485 


1^.62 


560 


564.4 


6 


10,866 


.00327 


Ml 


h,5S 


563 


520.8 


5 


11,682 


.00327 


Ml 


4.57 


565 


U86.9 


If 


12.Mao 


.00328 


.392 


U.55 


569 


»*59.7 


3 


13.102 


.00333 


.372 




570 


^37.2 


s 


13.751 


.00321 


.356 




571 


I117.4 


1 


l»t.336 


.00386 


.3lt2 


J^.53 


572 


401.2 


0 


13, (XM 




.326 


ifr.52 


57^ 


384.1 







^Average X, from x a 1 f t to x a 9.75 ft ■ 0.003324. 
1>ATerage from x ■ 1 f t to x « 9.75 ft. => 4.63x10". 

^rom oalculated proBBura at Btata of maximum entrop7. 
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TABLl II 

TXSI 2 

zsle i-; noszle throat dlaa., 0.375 in.; tnte dlam., 
0.375 in.; Inlet temperature, 125° F; Inlet preeaure, 
17,607 Ib/aq ft a'be.; tulie length, 10 ft; flow per unit 
area, 188.0 ID/eec aq ft] 



z 

(ft) 


p 

(11)/ eq ft a1)a.) 


(a) 


n 


CD) 


(°r aba.) 


7 


10 
9.75 














10,355 


O.OO3I8 


0.U66 


l|..6l X 10* 


560 


5U3.I 


9 


10,992 


.U0326 




1^.61 


562 


513.6 




11,729 


.0031!^ 


.I|-l4 


k,6L 


564 




7 


is.Mdi 


.00316 


.390 


U.56 


566 




6 


13.1^3 


.00322 


.370 


U.56 


567 


1*33.8 


5 


l3.76Jt 


.00326 


.351* 


1^.56 


56« 




1^ 


l»t.352 


.00328 


.3U1 




571 


399.0 


3 


l»*.917 


.00326 


.328 


h,^ 


572 
+ 


384.6 


s 


15.1*52 


.00325 


.317 


k.3h 


572 


371.7 


1 


15.96U 


.00386 


.307 


4.52 


573 


360.3 


0 


16.51(6 




.296 


U.52 


51^ 


31*8.1 







■ATerage ^, from x = 1 ft to i = 9.75 ft = O.OO322. 
^Averaee Ha froB x = i f t to x = 9.75 ft- = 4.55 » 10*. 
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lABLl III 

.— MST 3 

piToBale A; nosile throat dlam., 0.375 in.; tute dlaia. , 
0.375 In.; Inlet tenperature, 126*^ J; Inlet presBure. 
7,422.1 llj/sq ft a'bB.; tube length, 10 ft; flov per unit 
area, 82.77 Ih/eec eq ft] 



X 

(ft) 


(Ib/eq. ft aba.) 


fa5 


Sir 


Kb 

\ 0/ 


(°T abe.) 


7 


10 


2008.1 








431 


1057.1 






0.X386 


0.790 


2,19 X 10* 


506 


873.5 


9 


3391.1 


•00386 


.790 


2.11 


530 


690.6 


8 


U052.2 


.00381+ 


.790 


2.11 


5te 


589.8 


7 




.00380 


.790 


2.11 


5>*7 


529.7 


6 


^87.1 


.00385 


.790 


2.11 


550 


I187.4 


5 


5368.4 


.00387 


.393 


2.05 


552 


U54.8 




5717.3 


.00389 


.393 


2.05 


55U 


U28.5 


3 


60UO.9 


.00392 


.393 


2.05 


555 


I106.8 


2 


63>l2.1t 


•00385 


.393 


2.05 


557 


388.3 


1 


662^.6 


.001(118 


.393 


2.03 


559 


372.U 


0 


693»^.3 




.307 


2.03 


559.l^ 


356.l^ 



^▼erace X. from x = 1 f t to x 9-75 ft » 0.00386. 
1>A-vBrBee % from x 1 f t to x « 9>75 - 2.069 x 10" . 
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SABLS IT 
•ES8T 4 

[IoibIs A; noisle throat dlam. , 0.376 in.; tuba dlan., 
0.376 In.; Inlat temperature, 136® T; Inlet preeeure. 
4,146.5 Ib/eq ft abe.; tube lengtb, 10 ft; flow per unit 
area, 43.01 Ib/eec eq ft] 



(ft) 


P 

(Ib/aq ft abe.) 


(a) 




■"a 
(b) 


abe.) 


T 

(fps) 


10 
9.75 














2150.3 




0.1)65 


, , , 1,1 , 

1.082x10" 


523 


5»*5.U 




9 


2357.3 


O.OOI156 


.1)65 


1.082 


523 


501.2 


8 


2595.5 


,061^55 


.U65 


1.082 


523 


I158.2 


7 


2807 A 


.001)59 


.1)65 


1.082 


523 


1)25. U 


6 


2999.3 


.001*59 


.1)65 


1.062 


523 


399.7 


5 


3176.3 


.001)59 


.333 


1.067 


536 


378.2 


k 


33'*l-2 


.001)59 


.333 


I.&67 


536 


360.6 


3 


3»»93.7 


.001)9 


.333 


I.O67 


536 


3>«.3 


2 


36lK).0 


.001)59 


.333 


1.067 


536 


331.9 


1 


377«.2 


.00I151 


.333 


1.067 


536 


320.2 


0 


3930.1 


.00515 


.269 


1.061 


5^ 


3O8.O 



Hvarage ^, fron x ■ 1 f t to z ■ 9.75 f tj, ■ O.00ll56. 
'bjLTerage z - 1 ft to z - 9.75 - I.O67 x lo". 
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XABLS 7 



SUPEESONIO DATA 

Throat dlam. of nossle B, 0.169 In.; throat dlam. of noz- 
zle C, 0.175 In.: tuhe dlam.. 0.4375 in. 



Bl-ITI 


Inlet pressure 
(ib/aq In. aba.) 


Inlet teoDp* 


Nozzle 


iBlow per 
xinlt area 
(ih/sec zq ft) 


"5 
6 


200.9 
200.9 


135 
135 


B 
B 


93.3 
93.3 


^7 
8 


201.2 
200.0 


130 

126 


B 
B 


93.9 


°9 
10 


194.3 
19^.1 


87 
88 


c 


100.9 



%anB 5 bdA 6 were combined. Oalciilations were icade based on pres- 
sure-distance curresi fig. 9* Keen friction coefficients were 
calculated for ^Inch lengths. 

^Same calculation procedure as runs 3 BXi.d. 6. See pressure-distance 
curre, fig. 9* 

°Same calculation procedure as runs 5 ^nd 6> See preseure-dlstancs 
cunre, fig- 10. Between coinpreBsor and nozzle th.e air Is first 
cooled end then heated. Additional pressure taps were added for 
run 10. 




DIFFERENTIAL 
WATER 
MANOMETER 



DIFFERENTIAL 
MERCURY 
MANOMETER 



Figure 1.- Schematic diagram of test apparatus. 




Pigore 2.- Inlet to test pipe, nozzle A. 



•^1 

OH 



o 




ngare 3- Inlet to test pipe, nozzle B. ^ 



Tig. 5 




VAGL 



fie. 6 




figure 6.- Vrlction coefficients for subsonic flow coinpaTsd- 
' witb <thoBe'for' inoEnqpreeslble flAW. t = frlctLon 
force per unit of wall aurfMse; p = mass density. 



Ilg. 7 



.0040 



O Test 1 
□ Test 2 



^ ' Cl/8)p?2 
.0035 




.0030 



74X= -0.8*21oe(Nfl/4X) 



4 6 
Distance, ft 



10 



71gare 7.- Friction coefficient against distance along 
pipe for subsonic flow. 



Tig. 8 




Figure 8.- Temperature aad Mach num'ber agalnat distance 
along pipe for subsonic flow. 



NACA 



Tig. 9 



Testa 5,6,7t and 8 




0 5 10 15 20 

Dlstaace from "tubs antraace. in. 



Tlgure 9.- Preasure aipiinat distanco along pipe for Bupersonlc 
flow. 



VAGA 



lis. 10 



I 



1200 



1100 



1000 



900 



Tests 9 and 10 



□ -h A Vest 9 
O X V Test 10 

+ X Pressure taps 180^ 

from taps aiaxked □ O 
A VPresBore taps 90° 
from taps marked DO 




5 10 15 

Distance from ta'be entrance. In. 



Tlsore 10>- Pressure a^inst distance alon^ pipe for supersonic 
flow. ' 



Tig. li 



Trlctlon 




1.0 1.5 2,0 2.5 3.0 

Ifeich number, (Nj() 



Tlgore 11.- Trlctlon coefficients for eupereonle flow against 
Mach nuaber. 



mcA. 



Tig. 12 



.0035 



Trlction 
coefficient 



.0030 



x=-^!: 3- 

(l/2)pV^ 



.0025 



.0020 



yj== -o.ai.2iog(i[:a/*5s) 


Testa 
, 5,6|7|8 — 




1 




9 and 10 


\\ 

"v. 1 ^ 


7 and 8 y/ 
9 and 10 VV 


^5 and 6 


PresBore 1 




* OBcillatlons ^1 

1 1 


1 



5 10 15 

Distance from tube entrance, in. 
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Figure 12.- Friction coefficients for supersonic flow against 
distance along pipe. 



HACA 



Tig. 




6 10 15 

01 stance from tube ent ranee • In. 



Jlgore 13.- Ten^erature and Uach number against distance along 
pipe for superaonlc flow. 
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